al and nonlesional sites. This expression pattern in dogs differs from the previously reported reduced expression of the human ortholog in atopic dermatitis. Overall, the similarities of CBD103 and its human ortholog reported here support the notion that the domestic dog may serve as a valuable model for studying ␤ -defensin biology in the skin.
Introduction
Epithelial surfaces, including skin, are frequently confronted with pathogens, yet the incidence of infection is relatively low. Physical barriers to infection, circulating leukocytes and the endogenous microflora play important roles in host protection. In addition to these protective mechanisms, epithelial cells synthesize and secrete soluble effector molecules called antimicrobial peptides that serve as endogenous antibiotics to help thwart infection [1, 2] . These epithelial antimicrobial peptides are expressed by many diverse species ranging from invertebrates to higher-level species, including mammals [3] .
In mammals, defensins are a major family of antimicrobial peptides and this group can be classified into subfamilies: ␣ -, ␤ -and -defensins [4] . The ␣ -defensins have been described in many mammals including glires, hors-es, mice, rats, primates and humans, while the -defensins are only present in nonhuman primates [5] . In contrast, the ␤ -defensins represent the oldest evolutionary subfamily, found in diverse species ranging from horseshoe crabs and birds to hominids. The genomes of some mammals, such as ruminants and carnivores, appear to exclusively encode ␤ -defensins.
␤ -defensins are expressed in many epithelial tissues, including a high expression in skin. They have many functions in innate immunity including host protection as endogenous antibiotics, signaling to promote chemotaxis and wound healing, and other intercellular communication activities [3, [5] [6] [7] [8] . The expression and biological role of ␤ -defensins in various skin diseases have been the focus of much investigation [1, [9] [10] [11] [12] [13] . However, most of our knowledge of ␤ -defensins in skin stems from studies of human peptides, because animal models have not been fully developed. In this regard, the domestic dog is emerging as a potentially valuable model to study ␤ -defensins [8, [14] [15] [16] . A computational analysis of the canine genome, performed by Patil et al. [14] , demonstrated that the canine genome encodes 43 ␤ -defensin genes and pseudogenes. The genomic organization of these genes is similar to that for ␤ -defensin genes in humans and mice. For example, the major human ␤ -defensin cluster on chromosome 8 is syntenic to the canine cluster on chromosome 16 [14] . Two of the human ␤ -defensins (hBD) encoded in this cluster, hBD2 and hBD3, are inducibly expressed to high levels in human skin, and both have potent antimicrobial activity [1, 17, 18] . Based on sequence comparisons, hBD3 and canine ␤ -defensin 103 (CBD103) seem to be orthologs. CBD103 is expressed in canine skin [8, 15] and respiratory tract [16] , a tissue expression pattern similar to its human counterpart. Whether CBD103 shares the potent antibacterial activity of hBD3 has not yet been rigorously examined and is tested in this study. At present, no ortholog of hBD2 is evident in dogs. As is characteristic of the defensin family, there is often much species-to-species variability, so such differences are commonly identified [3] and important to consider when developing useful animal models.
Interestingly, CBD103 exhibits two types of genetic polymorphisms: (1) a variant allele with a 3-basepair deletion in its coding sequence, and (2) gene copy-number variation. The 3-basepair deletion in CBD103 , termed CBD103 ⌬ G23 , was identified as the allelic variant responsible for a dominant black coat color in dogs [8] . CBD103 ⌬ G23 lacks a glycine residue at the N-terminus of the mature peptide, and can bind with higher affinity than CBD103 to the melanocortin 1 receptor (Mc1r) on the surface of melanocytes. Due to its binding affinity and high expression levels, CBD103 ⌬ G23 is thought to displace Agouti, an Mc1r signaling antagonist, allowing Mc1r to signal unabated, leading to the synthesis of the black pigment eumelanin and resulting in a black coat color.
In addition to the ⌬ G23 sequence variant, CBD103 appears to exhibit another form of genetic plasticity, the gene copy-number variation [19] . Whereas most genes are present in two copies per diploid genome, copy-number variation describes a phenomenon whereby the genes located at a single locus are present in the population at a variable copy number, compared to a reference genome. In humans, the gene encoding hBD3 resides in a ␤ -defensin gene cluster that exhibits a copy-number polymorphism, which varies from 1 to 12 copies per diploid genome in human populations [20] . The gene copy-number polymorphism for this ␤ -defensin cluster, including the gene encoding hBD3 and adjacent ␤ -defensin genes, has been extensively investigated, including its association with skin disease susceptibility [11] . However, knowledge regarding gene copy-number variation of the putative canine ortholog, CBD103, is sparse.
Atopic dermatitis (AD) is a chronic inflammatory dermatopathy that is frequently complicated by secondary bacterial infection in both dogs and humans [21] . In human AD patients, it is thought that the inflammatory cytokines in the skin, such as IL-4 and IL-13, reduce the expression of hBD3 [22] . In addition, it has been noted that human AD skin is defective in killing Staphylococcus aureus due to aberrations in mobilization of hBD3 [23] . A recent study in dogs with AD indicates that CBD103 expression is equal between lesional and nonlesional skin, yet reduced when compared to healthy controls [24] .
In this investigation, we sought to give insight on antimicrobial activity, tissue expression in healthy and disease specimens, and breed variation of CBD103 and its common genetic polymorphisms. As domestic dogs emerge as a model to study the biology of ␤ -defensins in the skin, the data reported here highlight many similarities of CBD103 with its human counterpart, although some differences in expression are observed.
Materials and Methods

Tissue
Canine tissue was procured from client-owned dogs which, for reasons unrelated to this study, had been euthanized, processed for necropsy and deemed unrestricted for use in research. This took place at the University of California (UC) Davis School of Veterinary Medicine William R. Pritchard Veterinary Medical Teaching Hospital. Tissues (epididymis and skin) were placed in RNAlater (Ambion, Applied Biosystems, Foster City, Calif., USA) and rocked at room temperature overnight. Preserved specimens were stored at -80 ° C until further processing. Additional RNA from the gastrointestinal tract (tongue, stomach, duodenum, jejunum, ileum, colon and rectum), skin, lungs, kidneys, pancreas and bone marrow was procured from a commercial source (Zyagen, San Diego, Calif., USA).
Canine Genomic DNA Blood samples were acquired from patients of the UC Davis William R. Pritchard Veterinary Medical Teaching Hospital. All animals were handled in strict accordance with good animal practice as defined by the relevant national and/or local animal welfare bodies, and all animal work was approved by the Institutional Animal Care and Use Committee-approved protocol for Animal Care and Use #15356. Genomic DNA was isolated using the QiaAmp DNA Blood Mini Kit (Qiagen Inc.).
PCR of Canine Defensins
RNA isolation and cDNA synthesis was performed as previously described [25, 26] . Qualitative PCR was used as a broad screening tool to determine the expression patterns of defensins encoded by the canine genome. PCR primers were designed using MacVector software (MacVector Inc., Cary, N.C., USA) to specifically amplify canine defensin sequences deposited on the National Center for Biotechnology Information (NCBI) [14] , and the housekeeping transcript, canine ribosomal protein S5 (RPS5) (online suppl. table 1; for all online suppl. material, see www. karger.com/doi/10.1159/000334566) [27] . FastStart Taq (Roche Applied Sciences, Indianapolis, Ind., USA) was used to amplify cDNA representing 100 ng of total RNA with the following parameters: 94 ° C for 5 min, 35 cycles of 94 ° C for 30 s, 55 ° C for 30 s, 72 ° C for 1 min and a final extension at 72 ° C for 7 min. The epididymis and testis were used as positive controls for defensin expression as these tissues have been shown to express most of the defensins in other species [14] . Nontemplate controls substituted water for the DNA solution. PCR products were resolved by agarose gel electrophoresis (1.5% w/v) and detected using ethidium bromide staining. Positive PCR products for each defensin transcript were excised from the agarose gel, purified with QIAquick PCR purification kit (Qiagen) and directly sequenced to ensure identification of the amplified cDNA. Quantitative RT-PCR (qRT-PCR) was performed on cDNA from tissue from the initial screening using primers for CBD1 (2)s, CBD1 (118)a, CBD103 (12)s, CBD103 (117)a, CBD108 (23)s, CBD108 (126)a, RPS5 (54)s and RPS5 (235)a (online suppl. table 1) [26] .
Genetic Variation
To determine the prevalence of the ⌬ G23 genetic variation in CBD103 , PCR primers were designed (MacVector) to flank the CBD103 genomic sequence surrounding the 3-base pair deletion, with a 6FAM fluorescently labeled sense primer (online suppl. table 1). Approximately 10 ng of genomic DNA from different breeds (Doberman Pinscher (n = 15), German Shepherd (n = 15), Golden retriever (n = 13), Labrador retriever (n = 16) and Rottweiler (n = 15)) was PCR amplified with CBD103 (1662)s and CBD103 (1889)a (online suppl. [28] .
To determine GCN variation in CBD103, polyacrylamide gel electrophoresis-purified PCR primers were designed (MacVector) to amplify regions of CBD103 and a reference gene, TATA-binding protein (TBP), thought to be diploid in the genome [online suppl. (17999)a]. Quantitative PCR (qPCR) was performed using FastStart Taq (Roche) using 10 ng of genomic DNA from different breeds with the following parameters: 94 ° C for 5 min, 35 cycles of 94 ° C for 30 s, 55 ° C for 30 s, 72 ° C for 1 min and a final extension at 72 ° C for 7 min. GCN was calculated using the method detailed by Linzmeier and Ganz [29] .
Immunohistochemistry
Canine skin samples were formalin-fixed and embedded in paraffin. Five-m paraffin sections were mounted on charged slides and deparaffinized in xylene twice for 3 min. The slides were then incubated in 100% ethanol twice for 2 min each and endogenous peroxidases were quenched with a 0.1% hydrogen peroxide in methanol for 5 min. After rehydration in 95% ethanol for 2 min, then in 70% for 2 min, slides were placed in a humidified chamber at room temperature. A blocking step with 0.02% goat serum in phosphate-buffered saline (PBS) for 20 min was followed by application of the primary polyclonal antibody raised against hBD3 [24] (Allele Biotech, San Diego, Calif., USA) at a dilution of 1: 500 in 0.02% goat serum in PBS. Negative control slides were incubated with 0.02% goat serum in PBS at 4 ° C overnight and then washed with PBS twice for 10 min. Biotinylated ␣ -rabbit secondary antibody (Vector Elite Kit, Vector Laboratories, Burlingame, Calif., USA) was applied for 20 min. After two PBS washes for 2 min, ABC reagent (Vector Elite Kit) was applied to the slides and incubated for 20 min at room temperature. Following three washes with Tris-buffered saline (TBS) 3 times for 2 min, the chromagen 3,3 -diaminobenzidine (Vector Elite Kit) was added to each slide for 5 min. The final counterstaining with Light Green (Sigma-Aldrich, St. Louis, Mo., USA) for 5 min was performed after a wash with TBS for 4 min and a wash with deionized water for 4 min. After drying the slides, coverslips were mounted with Permount (ThermoFisher Scientific, Waltham, Mass., USA). Evaluation of the tissue and image recording was performed using an Olympus DP72 microscope (Olympus America Corporation, Center Valley, Pa., USA).
Recombinant Peptide
The cDNA encoding the predicted mature CBD103 (45 amino acids), CBD103 ⌬ G23 (44 amino acids), hBD3 (45 amino acids) and hBD3 ⌬ G23 (44 amino acids) was PCR amplified (online suppl. table 1). A codon encoding a methionine residue was engineered into the sense PCR primer immediately adjacent to the N-terminal codon of the defensin peptides, so as to provide a cleavage site for cyanogen bromide that would allow cleavage of the mature peptide from the remainder of the expressed fusion protein. Each PCR product was restriction-digested with Eco RI and Sal I and inserted (in frame) into a pET32a(+) expression vector (Novagen, EMD Chemicals, Darmstadt, Germany), contain-ing an N-terminal His-tag and thioredoxin. The four (sequenceverified) expression constructs were subcloned into BL-21 (DE3) chemically competent cells (Invitrogen, Carlsbad, Calif., USA), propagated in lysogeny broth (LB) containing carbenicillin (50 g/ml) at 37 ° C shaking overnight and glycerol stocks were frozen at -80 ° C. To obtain individual colonies for expression, each glycerol stock was streaked onto an LB plate containing carbenicillin (50 g/ml) and incubated overnight at 37 ° C. An individual colony was used to inoculate a starter culture (LB and carbenicillin 50 g/ml) and incubated at 37 ° C shaking overnight. The following morning, the entire starter culture was added to 1 liter of LB containing carbenicillin (50 g/ml) and sterile phosphate buffer (36 m M K 2 HPO 4 , 8.5 m M KH 2 PO 4 ). Peptide expression was induced by the addition of isopropyl ␤ -D-1-thiogalactopyranoside (final concentration 0.5 m M ) at an OD 600 equal to 0.5-0.6. The culture was allowed to induce for 4-5 h, at which point BL21 cells were pelleted at 5,000 g for 15 min. Pelleted BL21 cells were lysed with 6.0 M guanidine-HCl and 100 m M Tris pH 8.0, sonicated and centrifuged at 5,000 g for 30 min. The resulting clarified supernatant was incubated with Ni-NTA agarose beads (Novogen, 5 ml/l of induction) overnight at 4 ° C. The beads were then packed into a column, washed with 6 M guanidine/100 m M Tris (pH 8.0) and eluted with 6 M guanidine/100 m M Tris/1 M imidazole (pH 6.0). The eluent was dialyzed against 5% glacial acetic acid and lyophilized. To chemically cleave the His-tag and thioredoxin from the recombinant defensin peptide, the lyophilized product was reconstituted in 80% formic acid, purged with argon gas and cut with CNBr (20 mg/ml) overnight at room temperature. The cut reaction product was diluted 10-fold with Milli-Q H 2 O, dialyzed against 5% glacial acetic acid, lyophilized and reconstituted in 0.05% glacial acetic acid. The cleaved reaction products were then initially purified using C18 semipreparative reverse-phase highperformance liquid chromatography (RP-HPLC) with a 15-50% gradient buffer B (99.9% acetonitrile, 0.1% trifluoroacetic acid), monitoring absorbance at 230 nm, with fractions collected every minute at a flow rate of 1 ml/min. Approximately 10% of each fraction was added to 3! protein sample buffer (5% acetic acid, 3 M urea, 0.01% methyl green) and loaded into a 12.5% acid urea polyacrylamide gel electrophoresis (AU-PAGE) and run at 130 V in reverse polarity for 1.5 h. The resulting gels were stained with SimplyBlue (Invitrogen) and destained with water. Fractions that appeared to contain the cleaved mature peptide based on gel migration were combined and subjected to further rounds of RP-HPLC purification with a shallower gradient of buffer B (26-38% for CBD103, CBD103 ⌬ G23, hBD3 ⌬ G23 and 40-46% for hBD3) using a smaller bore C18 column. In the final purification step, each peptide was hand-collected upon elution. The overall yield was approximately 1 mg of peptide per 6 liters of bacterial culture. The isolated peptides were subject to RP-HPLC on a C18 analytical column with a gradient of acetonitrile at a flow rate of 1 ml/ min (online suppl. fig. 3 ). Purified peptides were also analyzed by MALDI-TOF mass spectroscopy (online suppl. fig. 4 ). To further analyze the recombinant peptides by AU-PAGE and Western blotting, each of the peptides was reduced with 100 m M TCEP at 55 ° C for 25 min. Approximately 1 g of reduced peptide was added to 3! protein sample buffer, loaded into a 12.5% AU-PAGE and run at 130 V for 1.5 h. The resulting gel was stained with SimplyBlue (Invitrogen) and destained with water. For Western blotting, 250 ng of each reduced peptide was added to 3! protein sample buffer, loaded onto a 12.5% AU-PAGE and run at 130 V in reverse polarity for 1.5 h. Peptides were transferred to a PVDF membrane (Millipore, Billerica, Mass., USA) in reverse polarity with 2 mA/cm 2 current for 20 min. The blot was fixed with 0.05% glutaraldehyde, and probed with a polyclonal antibody raised against hBD3 (Allele Biotech) at a 1: 3,000 dilution in TBS-Tween 20 and milk (0.05%). After subsequent washes, the blot was incubated with a goat ␣ -rabbit secondary antibody (KPL, Gaithersburg, Md., USA) diluted in TBS-Tween 20 and milk (0.05%). Chemiluminescent signal was detected with a Biospectrum AC imaging system (UVP, Upland, Calif., USA).
Antimicrobial Assay
Clinical isolates of Staphylococcus pseudintermedius , both methicillin-susceptible and methicillin-resistant, were acquired, as well as bacteria isolated from canine skin. To confirm the identity of the clinical isolates, bacterial DNA was isolated using the QIAamp DNA Stool mini kit (Qiagen, Valencia, Calif., USA), universal bacterial primers [Bac16s (27) s and Bac16s (1391)a] were used to amplify the 16S rRNA gene, subcloned into pBluescript and sequenced. A radial diffusion antimicrobial assay was used to determine the antibacterial activity of unreduced CBD103, CBD103 ⌬ G23, hBD3 and hBD3 ⌬ G23 at various concentrations (250, 83, 28, 9 and 3 g/ml) of each peptide [26, 30] .
Atopic Dermatitis Samples
Dogs included in the study had been presented for intradermal testing (IDT). All dogs had clinical signs and a history supportive of AD. Prior to presentation for intradermal testing, the possibility of pruritus attributable to flea allergy dermatitis had been ruled out with stringent flea control with an appropriate adulticide and dogs were still receiving either a topical or an oral adulticide as flea control at the time that skin biopsies and IDT were performed. Cutaneous adverse food reaction had been ruled out prior to presentation for IDT confirmed by completion of an elimination diet trial and subsequent rechallenge. All secondary infections with bacteria or yeast had been effectively treated. Dogs were not receiving either antihistamines or corticosteroids orally or topically for 4 weeks prior to presentation for IDT. Some were receiving cyclosporine for the management of pruritus at the time of skin testing.
A 6-mm biopsy punch was used to procure skin samples. Lesional skin refers to biopsies sampled from the axilla, an area that is typically affected in dogs with AD. Nonlesional samples were from the interscapular region, an area that is not typically affected in AD. Biopsy specimens were bisected sagitally, with one half formalin-fixed and the remaining half preserved in RNAlater (Ambion) and processed like other skin specimens described above. All dogs were examined by a Board-certified veterinary dermatologist (C.A.O.) and there were no clinical lesions other than mild erythema in the axilla of some dogs. Histologic examination of all skin biopsies was performed by a Board-certified veterinary dermatopathologist (V.K.A.) and no lesions were seen. All samples were collected in accordance with the UC Davis Clinical Trial Review Board and Institutional Animal Care and Use Committee, and there was written client consent.
Statistical Analysis
All statistical comparisons were performed using paired, 2-tailed, Student t tests in Excel (Microsoft Corporation, Redmond, Wash. USA).
Results
Canine ␤ -Defensin Expression
In an effort to determine if CBD103 was the sole highly expressed ␤ -defensin in skin, we embarked on the most comprehensive screen of canine ␤ -defensin expression to date. PCR primers (online suppl. table 1) were designed to specifically amplify each of the 41 putative ␤ -defensin gene transcripts [14] from skin, as well as 13 other tissues. The male epididymis expressed nearly every ␤ -defensin encoded by the canine genome, which conveniently served as a positive control for all but one PCR reaction (online suppl. fig. 1 ). CBD121 was the only canine ␤ -defensin not detected in any tissue. The PCR product from each of the other ␤ -defensin PCR reactions was directly sequenced to verify its identity. CBD1 , CBD108 and CBD123 exhibited a generalized pattern of expression, as mRNA transcripts were identified in most of the tissue analyzed (online suppl. fig. 1 ). In contrast, a more specific pattern of expression was noted for CBD103 , CBD109 , CBD112 , CBD119 , CBD122 , CBD139 and CBD140 . The only two ␤ -defensin genes with readily detectable expression in skin were CBD1 and CBD103 . qRT-PCR assays were then designed for the three most highly expressed canine ␤ -defensin transcripts (CBD1 , CBD103 and CBD108) based on this initial qualitative PCR screening. Using this technique, CBD1 also showed a generalized pattern of expression with appreciable levels in the skin, tongue and kidneys ( fig. 1 a) . CBD108 was expressed at low levels in any tissues tested, with higher levels in the kidneys and testes (online suppl. fig. 2A ). In contrast, a more tissue-specific expression pattern was seen with CBD103 , with expression at high levels detected in the skin (8.2E+03 copies/10 ng total RNA) and tongue (1.5E+04 copies/10 ng total RNA) ( fig. 1 b) . RPS5, used as a housekeeping gene [27] , exhibited relatively consistent and high levels of expression across all of the different tissues examined (online suppl. fig. 2B ). These data indicated that CBD103 was the most highly expressed ␤ -defensin in canine skin.
To extend our analysis of epidermal CBD103 expression, skin specimens were obtained from the ventrum and dorsum of 6 dogs of varying breeds and age. RNA was extracted from each tissue sample, and CBD103 expression was evaluated using qRT-PCR ( fig. 2 a) . The mean CBD103 mRNA expression level was essentially the same when comparing skin from either the dorsal (mean: 1.7E+4 copies/10 ng total RNA) or ventral surface (mean: 1.3E+4 copies/10 ng total RNA). In addition, CBD103 mRNA was expressed to similar levels in the skin in each of the 6 different dogs examined ( fig. 2 a) . To identify the site of CBD103 expression in skin, we employed immunohistochemistry using a polyclonal antibody raised against the human ortholog of CBD103, hBD3. Positive staining was detected in keratinocytes of the epidermis, as well as in follicular epithelial cells ( fig. 2 b) .
CBD103 Genetic Variation
A common variant of CBD103 , CBD103 ⌬ G23 , has a 3-basepair deletion encoding the amino terminal glycine of the mature peptide. This variant has previously been identified as the allele responsible for dominant black coat color in dogs [8] . A PCR-based genotyping assay was developed to evaluate the presence of this variant sequence in different dog breeds. Fluorescently labeled PCR products were separated using capillary gel electrophoresis, and alleles were discriminated based on product size. Of the 5 breeds evaluated, Rottweilers, Doberman Pinschers and German Shepherds did not possess a variant allele; only the wild-type CBD103 allele was detected ( fig. 3 a) . Interestingly, the variant allele was found in all of the Golden retrievers (54% WT/ ⌬ G23; 46% ⌬ G23/ ⌬ G23) and Labrador retrievers (75% WT/ ⌬ G23; 25% ⌬ G23/ ⌬ G23).
In addition to the CBD103 ⌬ G23 allele, another form of genetic variation identified at the ␤ -defensin locus on chromosome 16 was the gene copy-number polymorphism [19] . The CBD103 gene is located within a cluster of ␤ -defensins that is syntenic with a cluster of orthologs on human chromosome 8, many of which are thought to be orthologous between the two species [14] . In humans, this cluster exhibits gene copy-number polymorphism, and a given individual can encode between 1 and 12 copies of this cluster per diploid genome [20, 29] . To investigate similar gene copy-number polymorphism in dogs, we designed a qPCR assay with specific primers for the CBD103 gene and a diploid reference gene, TBP. Doberman Pinschers, German Shepherds and Rottweilers did not appear to exhibit CBD103 gene copy-number polymorphism, as each individual tested had a total CBD103 gene copy number of approximately two per diploid genome ( fig. 3 b) . In contrast, Golden retrievers and Labrador retrievers exhibited gene copy-number polymorphism, with CBD103 gene copy numbers of 2-4 copies per diploid genome ( fig. 3 b) .
Antimicrobial Activity
To investigate the possible differential antimicrobial activity of the wild-type CBD103 and its ⌬ G23 variant, recombinant peptides were expressed ( fig. 4 a) , purified using RP-HPLC (online suppl. fig. 3 ), and analyzed using mass spectrometry (online suppl. fig. 4 ). For comparison, hBD3 and a corresponding variant, hBD3 ⌬ G23, were similarly expressed, purified and analyzed (online suppl. fig. 3, 4) . The purified peptides were subject to AU-PAGE under reducing conditions, and analyzed to assess immunoreactivity ( fig. 4 b, c) . The Western blot of the recombinant peptides indicated that hBD3 and hBD3 ⌬ G23 are equally recognized by the ␣ -hBD3 polyclonal antibody, whereas the CBD103 ⌬ G23 peptide was differentially recognized compared to CBD103 ( fig. 4 c) . The result supports that N-terminal residues of CBD103 are accessible for protein-protein interactions, consistent with its proposed role in coat color [8] .
The antibacterial activity of the recombinant defensins was tested using a radial diffusion assay with both Gram-positive and Gram-negative bacteria. Clinical isolates of S. pseudintermedius , a common pathogen of dog skin, particularly canine patients with AD, were procured for antimicrobial testing. In addition to these clinical isolates, endogenous bacteria from canine skin were cultured for comparison with S. pseudintermedius . Both CBD103 and CBD103 ⌬ 23 exhibited relatively equal activity against methicillin-susceptible and methicillin-resis- qRT-PCR analysis of absolute copy number of mRNA transcripts encoding CBD1 ( a ) and CBD103 ( b ) in RNA isolated from various tissues including the skin, gastrointestinal tract (tongue, stomach, duodenum, jejunum, ileum, colon, rectum), lungs, kidneys, pancreas, bone marrow, testes and epididymis. Each bar represents an average of replicate assays (standard deviation ! 10%) from a single specimen tested (n = 1). ND = Not detected. tant S. pseudintermedius ( fig. 5 a, b) . Similarly, hBD3 and hBD3 ⌬ G23 were equally antimicrobial against S. pseudintermedius . Both sets of canine and human peptides exhibited potent antimicrobial activity against endogenous bacteria found on canine skin (Bacillus licheniformis , Micrococcus sp. and Bacillus cereus) , as well as a laboratory strain of Escherichia coli D31 ( table 1 ) .
Association with Atopic Dermatitis
In human patients with AD, hBD3 mRNA levels and peptide mobilization is impaired [9, 10, 23] . We therefore hypothesized that canine patients with AD may also have a reduced defensin expression, predisposing them to secondary infection. To test this hypothesis, punch biopsy specimens of the skin were procured from both the lesional (axilla) and nonlesional (interscapular) skin of canine patients diagnosed with AD. We did not detect a statistically significant difference in CBD103 mRNA expression between lesional (mean: 1.1E+04 copies/10 ng total RNA) and nonlesional (mean: 9.4E+03 copies/10 ng total RNA) skin (p = 0.42, fig. 6 ). Interestingly, S100A8, an inflammatory protein known to be upregulated in the skin of atopic dogs [31] , exhibited a 6-fold higher mRNA expression in lesional (mean: 2.5E+06 copies/10 ng total RNA) when compared with nonlesional (mean: 4.4E+05 copies/10 ng total RNA) skin. As a control in these experiments, the housekeeping gene, RPS5, was expressed to equal levels between the two skin sites ( fig. 6 ).
Discussion
␤ -defensins are key effector molecules of innate immunity expressed at many body surfaces, including skin. Studies on ␤ -defensins in skin have almost exclusively focused on human peptides [32] , including investigation Min imum inhibitory concentration (MIC) of CBD103, CBD103⌬G23, hBD3 and hBD3⌬G23 using a radial diffusion antimicrobial assay. on expression [17, 18] , regulation [33] [34] [35] and associations with skin infection [12, 13, 36] and other diseases, such as psoriasis and AD [10, 11] . Few studies of skin ␤ -defensins in animal models have been reported, except for the dog model [8, 15, 16, 24, 37, 38] . The current study sought to extend our knowledge of canine ␤ -defensins by quantifying CBD103 expression in healthy skin, determine genetic variation of CBD103 amongst and within different breeds, characterize the antibacterial activity of CBD103 and CBD103 ⌬ G23 and evaluate expression of CBD103 from lesional and nonlesional skin of dogs with AD.
Of the canine ␤ -defensins, CBD103 is expressed to the highest levels in skin. Consistent with the finding reported here, localized expression of CBD103 to keratinocytes and follicular epithelial cells has been reported previously [24] . To determine possible variation in CBD103 expression in canine skin, we procured dorsal and ventral skin specimens from dogs lacking skin disease. CBD103 mRNA expression was approximately equal between the sites of expression, both within the same dog and between others tested. These quantitative data corroborate the finding in a study by Wingate et al [15] , where qualitative PCR demonstrated similar intensity PCR products by gel electrophoresis. The human ortholog of CBD103, hBD3, exhibits low-level constitutive expression; however, in the presence of inflammatory stimuli such as heatinactivated bacteria and TNF-␣ , human keratinocyte cells responded with 20-to 30-fold increased hBD3 expression [18] . In contrast to the low baseline expression in humans, CBD103 mRNA constitutive expression is remarkably high in canine skin. In canine keratinocyte cell culture models, we were unable to induce CBD103 over constitutive levels with various bacterial or proinflammatory stimuli, including IL-1 ␤ , hemolytic Streptococcus , and S. pseudintermedius (unpubl. results). Further investigations will be necessary to determine if CBD103 expression levels deviate under any circumstances from the constitutive ones we report here.
The dog represents an interesting species to study ␤ -defensin genetic variation, because there are two common polymorphisms: a 3-basepair deletion in CBD103, and the gene copy-number polymorphism. We found that the CBD103 ⌬ G23 variant sequence is common in Golden retrievers and Labrador retrievers, in accordance with another study, which also reported this variant in the Great Dane, Basenji and Poodle [8] . While CBD103 ⌬ G23 is responsible for a dominant black coat color in some breeds, coat color in Golden retrievers and in yellow Labrador retrievers is independent of their CBD103 genotype, due to genetic mutations in Mc1r [39] . A second aspect of genetic heterogeneity is gene copynumber polymorphism, which provides genetic plasticity and is observed with both canine and human ␤ -defensins. Both Golden retrievers and Labrador retrievers had gene copy numbers of CBD103 that varied from approximately 2-4 copies per diploid genome. Two studies using human biopsy specimens and cell culture demonstrated a direct correlation between ␤ -defensin mRNA expression and gene copy numbers [40, 41] . Currently, it is not known if an increased gene copy number in the dog similarly results in increased ␤ -defensin expression.
One goal of this study was to characterize the antimicrobial activity of CBD103 and the variant, CBD103 ⌬ G23. Given the high allele frequency of CBD103 ⌬ G23 in some breeds of dog, we questioned if altered antimicrobial activity of the variant peptide should be considered when developing models to explain the curiously high frequen- cy of this polymorphism. To test the antibacterial activity, we procured clinical isolates of methicillin-susceptible and methicillin-resistant S. pseudintermedius , a common pathogen of canine skin. In addition, we cultured and isolated endogenous microflora from the skin of a healthy dog, including: B. licheniformis , Micrococcus sp. and B. cereus . Interestingly, CBD103 and CBD103 ⌬ G23 exhibited equal in vitro antibacterial activity against all bacteria tested. This observation is especially important due to the prevalence of the CBD103 ⌬ G23 genotype in some of the more common breeds of dog, including Labrador retrievers and Golden retrievers. CBD103 and CBD103 ⌬ G23 also displayed equally potent antibacterial activity when compared to hBD3 and the corresponding variant, hBD3 ⌬ G23. The similar activities of CBD103 and CBD103 ⌬ G23 suggest that antimicrobial function may not be an important factor to explain changes in allele frequency in dog populations. In both human and canine AD, patients are frequently complicated by recurrent secondary bacterial infections, S. aureus in humans [9, 42] and S. pseudintermedius in dogs [43] . Previous studies have demonstrated the reduced killing capacity of the epidermis in human AD patients due to reduced hBD3 expression [9, 10, 22] and mobilization to the skin surface [23] . Interestingly, we did not find a difference in CBD103 mRNA transcript levels between lesional and nonlesional specimens. Our data are in agreement with another study reporting equal CBD103 mRNA expression from lesional and nonlesional skin in AD [24] . However, we did not appreciate any differences in CBD103 mRNA expression between healthy dogs and dogs with AD, in contrast to what was previously reported [24] . Genetic differences, in terms of the variant CBD103 ⌬ G23 allele and/or gene copy-number variation, could potentially contribute to a selection bias with respect to environmental pathogens and/or disease associations, notably in those breeds where both variations are observed. However, we found that CBD103 and CBD103 ⌬ G23 are both potent antibacterial peptides with virtually equivalent antibacterial activity, particularly against common pathogens of canine skin. Therefore, our data indicate that altered CBD103 expression in atopic skin does not account for recurrent secondary bacterial infections.
Overall, the expression in skin, potent antimicrobial activity, and gene copy-number polymorphism are properties shared between CBD103 and its human ortholog. On the other hand, apparent constitutive expression in healthy skin and AD distinguishes the canine ␤ -defensin from its human counterpart. The findings of this investigation will help shape how the domestic dog can be further developed as a valuable model of ␤ -defensin biology in skin. Quantitative RT-PCR analysis of absolute copy-number of mRNA transcripts encoding RPS5, CBD103 and S100A8 in RNA isolated from lesional and nonlesional skin biopsy specimens from dogs (n = 18) diagnosed with AD. Error bars represent standard error.
